Although central serotonergic systems are known to influence responses to noxious stimuli, mechanisms underlying serotonergic modulation of pain responses are unclear. We proposed that serotonin 2C receptors (5-HT 2C Rs), which are expressed within brain regions implicated in sensory and affective responses to pain, contribute to the serotonergic modulation of pain responses. In mice constitutively lacking 5-HT 2C Rs (2CKO mice) we found normal baseline sensory responses to noxious thermal, mechanical and chemical stimuli. In contrast, 2CKO mice exhibited a selective enhancement of affect-related ultrasonic afterdischarge vocalizations in response to footshock. Enhanced affect-related responses to noxious stimuli were also exhibited by 2CKO mice in a fear-sensitized startle assay. The extent to which a brief series of unconditioned footshocks produced enhancement of acoustic startle responses was markedly increased in 2CKO mice. As mesolimbic dopamine pathways influence affective responses to noxious stimuli, and these pathways are disinhibited in 2CKO mice, we examined the sensitivity of footshock-induced enhancement of startle to dopamine receptor blockade. Systemic administration of the dopamine D 2 /D 3 receptor antagonist raclopride selectively reduced footshock-induced enhancement of startle without influencing baseline acoustic startle responses. We propose that 5-HT 2C Rs regulate affective behavioral responses to unconditioned aversive stimuli through mechanisms involving the disinhibition of ascending dopaminergic pathways.
Introduction
Although serotonergic neurotransmission has been implicated in the modulation of responses to noxious stimuli, the nature of these controls and their underlying mechanisms are unclear. Inconsistent results have been reported, and this likely relates to variability in dosing and selection of pharmacological agents, the modality of noxious stimuli studied, and the heterogeneity of serotonin receptors. At least 14 receptor subtypes mediate the actions of central serotonin [1, 2] , and the relative contributions of distinct 5-HT receptor subtypes to the sensory and affective components of pain perception remain to be clearly delineated.
Several lines of evidence indicate that 5-HT 2C Rs contribute to the serotonergic modulation of nociceptive responses. 5-HT 2C Rs are expressed in multiple brain regions implicated in nociception, including the bed nucleus of the stria terminalis, amygdala, prefrontal cortex, and striatum [3] [4] [5] [6] [7] . However, diverse and inconsistent results have been reported in studies of 5-HT 2C R agonist and antagonist treatment effects on nociceptive processing. For example, antinociceptive effects of 5-HT 2C R activation were indicated by the antiallodynic effects of 5-HT 2C R agonists in different rodent pain models [8] [9] [10] [11] . For example, pharmacological blockade of 5-HT 2C Rs decreased the antinociception produced by nefopam (acetic acid induced writhing and formalin-induced paw licking; [12] ), fluvoxamine (mechanical allodynia following sciatic nerve lesion; [13] ), post-ictal state (heat-induced tail flick assay; [14] ), intraperitoneal acetic acid conditioning (formalininduced paw licking; [15] ) and intrathecal serotonin (formalin-induced paw flinching; [16] ). However, not all studies reported antinociceptive actions of 5-HT 2C Rs. For example, 5-HT 2C R agonist treatments enhanced nociceptive responses in rodents receiving intraperitoneal injection of acetic acid [17] or hindpaw injections of formalin [18] . Additionally, 5-HT 2C R antagonist treatment was reported to suppress mechanical allodynia produced by sleep deprivation [19] .
A well-known action of 5-HT 2C Rs of potential relevance to their modulation of pain responses relates to the regulation of ascending brain dopamine pathways. Activation of 5-HT 2C Rs located in the substantia nigra pars compacta and the ventral tegmental area has been found to suppress activity of nigrostriatal and mesolimbic dopamine pathways, respectively [20] [21] [22] [23] . We demonstrated that 2CKO mice exhibit enhanced activity of both pathways [24] [25] [26] . In this context, it is noteworthy that ascending dopamine pathways are activated by noxious stimuli, and this activation has been associated with the magnitude of nociceptive responses in rodents and in humans [27] [28] [29] [30] [31] . In light of the above findings, we considered the possibility that disinhibition of dopamine pathways could contribute to the enhanced processing of nociceptive messages in animals lacking 5-HT 2C Rs.
Methods Mice
All studies were carried out in accordance with the NIH Guide for the Care and Use of Laboratory Animals. Procedures describing the generation of 2CKO mice have been previously described in detail [32] . Experimental cohorts were generated by breeding C57BL/6J htr2c+/htr2c-females to wildtype C57BL/6J htr2c+/Y males. All studies used 2-3 month old male wildtype and 2CKO littermate offspring. Animals were fully congenic to the C57BL/6J genetic background. Mice were group-housed and maintained under standard UCSF transgenic facility housing conditions. All experiments were conducted by investigators blinded to genotype.
Baseline nociception assays
We determined baseline levels of sensitivity to noxious heat, mechanical and chemical stimuli in wildtype and 2CKO mice (for detailed procedures see [33] Mice were placed in a clear plastic chamber with a wire mesh grid floor and hindpaws were stimulated with filaments applied through the mesh floor. Testing began using the 0.4 g von Frey hair. Withdrawal thresholds were determined using the updown method [33, 34] . To determine sensitivity to a noxious chemical stimulus we used the formalin test, in which mice received an intraplantar hindpaw injection of 2% formalin in a volume of 10 μl. Time spent licking/biting the injected hindpaw was assessed at 5 min intervals over a 60 min post-injection period. Twenty-four hours after the formalin test, we monitored sensitivity to mechanical stimuli using the von Frey test on the injected and uninjected hindpaw. A profound drop in mechanical threshold after formalin administration indicates mechanical hypersensitivity produced by chemical injury to peripheral nerve terminals [35, 36] .
Ultrasonic vocalization
Ultrasonic vocalizations were recorded as described by Liu et al [37] . Mice were restrained in acrylic holding chambers and placed in a sound-insulated testing chamber. , and saved as a binary sound file (sampled at 250000 Hz) using customwritten MATLAB software. To compare wildtype and 2CKO sensory response to noxious stimuli, we measured the magnitude of vocalization-during-shock (VDS) responses (i.e., total sound and ultrasonic power during presentation of stimulus). To compare affect-related responses to noxious stimuli in wildtype and 2CKO mice, we determined the magnitude of vocalization-after-discharge (VAD) responses (i.e. total sound and ultrasonic power following termination of the shock stimulus). Both response latency [38] and spectrographic morphology [39] criteria were used to differentiate VDS from VAD responses. Briefly, VDSs were characterized by their temporal occurrence during the shock presentation, and by visual inspection of the resulting sound spectrograms, which demonstrated constant energy distribution across a continuum of audible and ultrasonic frequencies. In contrast, VAD responses occurred at variable latencies after termination of shock presentation; visual inspection of the resulting sound spectrograms demonstrated significant harmonic components in both audible and ultrasonic frequencies ("chatter" per [39] ).
Fear-sensitized startle
The fear-sensitized startle (FSS) assay was adapted from Kokkinidis and colleagues [40] [41] [42] .
Mice were transferred from their home cage into individual transport cages, placed in a Plexiglas holding chamber within the startle apparatus (SRLAB, San Diego Instruments, Inc.), and exposed to a 5 min acclimation period in the darkened chamber with 70 dB white noise (dB measures obtained at sea level with 20 μPa as reference sound pressure). Acoustic startle responses were measured using a piezoelectric device that responded to the deformation of the holding chamber as the mouse startled. Baseline acoustic startle responses were obtained at stimulus magnitudes of 90, 105, and 120 dB (white noise; nine replicates for each stimulus magnitude; stimuli were presented in a pseudo-random order separated by 60 sec). Fig 1D) . For each of these nociception assays, n = 10 for both wildtype and 2CKO mice. Taken together these results indicate that the loss of 5-HT 2C Rs does not alter baseline responses to a diverse range of noxious stimuli and that nerve injury induced mechanical hypersensitivity is preserved.
Selective phenotypic enhancement of affect-related vocalizations in response to footshock
Analysis of ultrasonic vocalization following shock stimuli is an established method of evaluating nociceptive responses in rodents [43] [44] [45] . Analysis of vocalization timing and spectrographic morphology has been proposed to distinguish sensory from affective responses to shock stimuli [38, 39] . Here we recorded ultrasonic vocalizations in response to graded shock stimuli (ranging from 0.04 mA to 1.6 mA) were recorded in wildtype and 2CKO mice (n = 8 per genotype). Spectrographic analyses of vocalizations were performed to quantify total power in both audible (0-22 KHz) and ultrasonic (22-100 KHz) frequency ranges for both the Using standard sound spectrographic morphological criteria to distinguish VDS and VAD responses, we calculated total ultrasonic spectral power for all of the above responses. No significant phenotypic differences in VDS ultrasonic spectral power were noted. Increases in stimulus strength significantly increased VDS power to a similar extent in both groups (Fig 2C; p<0.03 for stimulus strength, genotype and stimulus x genotype interaction NS by ANOVA). These findings indicate that mice lacking 5-HT 2C Rs display normal sensory responses to footshock. By contrast, at the 0.4 mA stimulus intensity, 2CKO mice exhibited a significant increase in VAD power (Fig 2D; 2CKO mice exhibit enhanced fear-sensitized startle Fig 3 illustrates startle magnitudes before and after shock sensitization. Unless otherwise noted, the magnitude of the shock stimulus was 0.4 mA for 0.25 sec, which in mice is considered to be mildly noxious [46] . Whereas wildtype and 2CKO (n = 8, 12 respectively) mice had similar baseline startle magnitudes, the enhancement of startle following shock presentation was significantly greater in the mutants (Fig 3; by three-way ANOVA, p<0.001 for genotype (F = 31.46), shock sensitization (F = 24.35), startle stimulus intensity (F = 10.29, and genotype x shock sensitization interaction (F = 12.63), no other interaction terms significant).
The greater sensitivity of 2CKO mice to shock-induced startle enhancement was further demonstrated by the observation that comparable startle responses resulted from different shock stimulus intensities in wildtype (n = 10) and 2CKO (n = 8) mice. Fig 4 shows that startle facilitation produced in wildtype mice by a shock intensity of 0.8 mA was equivalent to that produced by 0.15 mA in mutants. In this experiment, the primary factors of genotype, shock sensitization, and startle stimulus intensity were all significant by 3-way ANOVA (p<0.001, F = 7.393, F = 57.019, F = 7.768 for genotype, shock sensitization, and startle stimulus intensity respectively, no two-way or three-way interaction terms significant).
We note that on initial inspection, it could be difficult to understand why, for 2CKO mice, absolute post-shock startle values were greater in the study using the 0.15 mA shock (Fig 4) than in the study using a 0.4 mA shock (Fig 3) . However, further examination revealed a nonspecific enhancement of startle responses in the former study, affecting not only post-shock 2CKO responses, but also pre-shock 2CKO and wildtype responses. When shock-induced enhancement of startle was examined as percentage increase relative to pre-shock values, the increased facilitation in 2CKO mice by the 0.4 mA stimulus was significantly greater than that Selective block of fear-sensitized startle in 2CKO mice by the dopamine D 2 /D 3 receptor antagonist, raclopride Previous studies of 2CKO mice revealed evidence for enhanced activation of mesolimbic dopamine pathways [25] . This is notable in light of prior studies demonstrating that FSS is sensitive to limbic dopamine D 2 receptor activation [47] . We hypothesized that if enhanced mesolimbic dopamine system activation contributed to the observed phenotype, then administration of dopamine D 2 receptor antagonists could eliminate the phenotypic differences that we recorded for fear-sensitized startle responses. We therefore examined such responses in wildtype and 2CKO mice following treatment with saline vehicle or the dopamine D 2 /D 3 receptor antagonist raclopride. Fig 5 illustrates startle responses both before and after the shock stimulus in mice that received vehicle, raclopride 1 mg/kg, and raclopride 3 mg/kg (n = 8 per genotype/dosage combination). Four-way ANOVA with genotype, stimulus magnitude, drug dosage, shock as primary factors to model startle response demonstrated a significant genotype × condition × dosage interaction suggesting that increasing doses of raclopride suppressed FSS in mutant mice to a greater degree than in wildtypes (p<0.035, F = 4.437). Primary factors of mouse genotype, raclopride dosage, startle stimulus intensity, and pre vs. post shock condition were all significant predictors of startle response (p<0.001, F = 119, F = 10.8, F = 69.6, F = 13.1, respectively), as were 2 way interactions of genotype by raclopride dosage, genotype by startle stimulus intensity, genotype by pre vs. post shock condition, raclopride dosage by startle stimulus intensity, and raclopride dosage by pre vs. post shock condition (p<0.005, F = 13.6, F = 5.23, F = 17.4, F = 6.03, F = 7.76, respectively). Raclopride treatment of 2CKO mice normalized fear-sensitized startle responses in a dose-dependent manner, with an enhanced effect on 2CKO startle responses.
Discussion
Our studies not only reveal an impact of 5-HT 2C R function on the regulation of nociceptive behaviors, but also that the influence of these receptors appears to be selective for the affective response to noxious stimuli. Baseline withdrawal responses did not differ, which indicates that transmission of the "pain" message from the periphery to spinal cord reflex circuits was not altered. These findings indicate that serotonergic influences can differentially modulate sensory versus affective aspects of pain processing. To our knowledge this is the first report of an experimental manipulation that selectively enhances affective responses while sparing sensory responses to a noxious stimulus. The ability of a selective dopamine D 2 /D 3 receptor antagonist to suppress the phenotypic enhancement of such affective responses raises the possibility that 5-HT 2C Rs exert these effects through regulation of ascending dopaminergic pathways.
The preservation of the sensory component of pain processing was not limited to a particular modality. Thus no phenotypic differences were observed in paw withdrawal responses to either a thermal (Hargreaves' test) or a mechanical stimulus (von Frey filaments). Furthermore, 2CKO mice displayed normal levels of formalin-induced paw licking, a behavior believed to reflect sensory rather than affective-motivational response to the chemical stimulus [48] . Consistent with this perspective, a prior study demonstrated that lesions of the anterior cingulate cortex, a region implicated in affective-motivational aspects of pain, did not impact these behavioral responses to formalin. On the other hand, the anterior cingulate cortex lesions did eliminate behaviors that are more associated with the affective-motivational response to formalin (conditioned place avoidance; [48] ). Not only did the 2CKO mice exhibit normal acute responses to formalin injection, but there were also no phenotypic differences in the subsequent nerve injury-induced mechanical hypersensitivity of the injected paw, which is presumed to arise from nerve damage produced by formalin.
These results are consistent with our finding that 2CKO mice exhibited normal VDSs during electrical shock. VDSs occur with short latencies during shock stimuli, with spectral powers highly correlated with stimulus intensity [38, 39] . In contrast, mutants displayed a phenotypic enhancement of VADs, which occur following shock termination, and exhibit a characteristic spectrographic pattern distinct from VDSs. Several features of VAD responses indicate that they are reliable correlates of nociception-induced affect [38, [49] [50] [51] . For example, VAD responses are more sensitive than VDSs to suppression by anxiolytic drug treatments, or by damage to forebrain regions linked to affective pain responses in humans, and they are selectively enhanced by stressors [38, 49, 50] . Moreover, the capacity of electrical shock to support fear conditioning is directly related to its capacity to elicit VADs [52, 53] . Taken together, the enhancement of VADs, but not VDSs in 2CKO mice suggests that there is a selective increase of the sensitivity of these animals to affective responses to noxious stimuli.
Consistent with a phenotypic enhancement of affect-related nociceptive responses, we found that 2CKO mice also displayed increased sensitivity in an entirely different test situation, one that is also believed to measure an affective response. The enhancement of the acoustic startle response following administration of electrical shock has been considered to reflect an affective pain response elicited in rodents [42, 54, 55] and in humans [56] . Baseline acoustic startle responses were normal in 2CKO mice, consistent with prior studies indicating that baseline auditory physiology is normal in these animals [57] . By contrast, relative to wildtype mice, mutants displayed markedly enhanced startle responses following footshock. The footshock intensity used in this procedure (0.4 mA), had been previously shown to elicit normal VDSs in mutants, indicating a lack of phenotypic influence on their sensory response to this stimulus. The enhanced responsiveness of 2CKO mice to footshock-induced startle sensitization was further highlighted by the observation that wildtype mice required footshock amplitudes of 0.8 mA to potentiate startle responses to the level observed for mutants receiving 0.15 mA stimuli. Altogether, the normal baseline nociceptive responses to a variety of noxious stimuli in 2CKO mice, coupled with evidence of enhanced responsiveness in two distinct assays of nociception-induced affect with very different behavioral output measures, indicate that genetic lesion of the htr2c locus selectively augments affective vs. sensory responses to noxious stimuli.
We considered the possibility that disinhibition of the mesolimbic dopamine system contributes to the augmentation of nociception-induced affective responses in mice lacking 5-HT 2C Rs. The activity of mesolimbic dopamine pathways is subject to serotonergic inhibition, and pharmacological studies that used 5-HT 2C R antagonists suggest that 5-HT 2C Rs located within the ventral tegmental area contribute prominently to this action of serotonin [23, 58, 59] . Accordingly 2CKO were found to exhibit elevated levels of extracellular nucleus accumbens (NAc) dopamine, enhanced cocaine-induced dopamine efflux in the NAc, and enhancement of behaviors associated with mesolimbic dopamine function [24, 25] .
It is therefore of interest that mesolimbic dopamine pathways terminating in regions such as the NAc, amygdala and prefrontal cortex have been implicated in affective responses to noxious stimuli, including footshock [28, 30, 60, 61] . For example, pharmacological blockade of dopamine D 2 receptors in the amygdala suppressed the expression of fear responses in a Pavlovian conditioning procedure that used footshock [62] . Evidence for nociception-induced activation of the mesolimbic dopamine system in humans was reported in a positron emission tomography study using displacement of raclopride as an indicator of dopamine release [31] . The extent to which application of a noxious stimulus activated NAc dopamine release was highly correlated with ratings of negative affect and fear during noxious stimulus exposure.
We hypothesized that if disinhibition of dopamine pathways contribute to the enhancement of affective responses to noxious stimuli in 2CKO, then the phenotype could be attenuated by dopamine receptor blockade. Indeed we found that treatment with raclopride selectively blocked shock-induced sensitization of acoustic startle in mutant mice without affecting baseline startle responses. These findings are consistent with prior work demonstrating that shockinduced sensitization of acoustic startle could be suppressed by amygdala injections of raclopride [47] . Altogether, our findings indicate that the absence of 5-HT 2C Rs selectively enhances affective responses to noxious stimuli via a dopamine D 2 receptor sensitive mechanism.
Further studies are required to determine definitively whether this phenotype is attributable to disinhibited mesolimbic dopamine system activation, and the locations of the mesolimbic terminal fields most involved. Possibilities include the NAc, the amygdala and the prefrontal cortex. It is notable that in addition to the ventral tegmental area, 5-HT 2C Rs are also expressed in each of these regions, where they could exert local actions impacting pain-associated affect. It should also be noted that 5-HT 2C Rs are widely expressed throughout the brain, and could possibly influence pain responses via dopamine-independent mechanisms [3] .
The findings reported here were performed in mice completely lacking 5-HT 2C Rs throughout development. Therefore, we cannot exclude the possibility that developmental consequences of the 5-HT 2C R loss could contribute to the phenotypes observed. However, a recent study indicates that lifelong global modifications of 5-HT 2C R function can impact pain sensitivity in humans [63] . A positron emission tomography study using radiolabeled raclopride was performed with subjects bearing a common allelic variant of the HTR2C gene. In the Cys23Ser variant, a serine replaces a cysteine in the N terminus of the variant receptor, which has been reported to display reduced serotonin binding affinity [64] [65] [66] [67] . Cys23Ser carriers exposed to a nociceptive challenge displayed higher overall qualitative experiences of pain, increased NAc dopamine release, and there was a significant correlations between these measures [63] . In this context, further analysis of the neural mechanisms through which 5-HT 2C Rs influence affective responses to nociceptive stimuli, warrant consideration for exploiting serotonergic mechanisms in pain management and for understanding genetic predispositions to pain vulnerability.
